Extracellular vesicles (EVs) play a pivotal role in cell-to-cell communication and have been shown to take part in several physiological and pathological processes. EVs have traditionally been purified by ultracentrifugation (UC), however UC has limitations, including resulting in, operator-dependant yields, EV aggregation and altered EV morphology, and moreover is time consuming. Here we show that commercially available bind-elute size exclusion chromatography (BE-SEC) columns purify EVs with high yield (recovery ~ 80%) in a time-efficient manner compared to current methodologies. This technique is reproducible and scalable, and surface marker analysis by bead-based flow cytometry revealed highly similar expression signatures compared with UC-purified samples. Furthermore, uptake of eGFP labelled EVs in recipient cells was comparable between BE-SEC and UC samples. Hence, the BE-SEC based EV purification method represents an important methodological advance likely to facilitate robust and reproducible studies of EV biology and therapeutic application.
. EVs are of fundamental importance in conveying critical intercellular messages 8, 10 both in physiological and pathological processes, such as taking part in the coagulation cascade 11 , immune response [12] [13] [14] as well as aiding the spread of malignancies 9, 15 and viral infections 16, 17 . Because of their small size, physicochemical properties and the complexity of the surrounding fluid, purification of EVs is a great challenge. The gold standard in the field is to purify EVs by sequential centrifugation followed by an ultracentrifuge (UC) step to pellet the EVs at 110,000 × g 18 . We and others have previously shown that the UC step damages the vesicles and leads to aggregation [18] [19] [20] , which can ultimately affect downstream analysis 21 or application of EVs 19, 22 . Furthermore, this technique is time consuming and prone to variable results due to the diverse protocols and equipment used in different laboratories 23 . To overcome these issues, several other promising purification techniques have been proposed, such as precipitation kits 24, 25 and size exclusion chromatography (SEC) 19, 26 . In this article, we have evaluated a novel liquid chromatography technique for EV purification: using core bead chromatography. The technology combines both size separation with bind-elute chromatography (BE-SEC) where large molecules bypass these beads while molecules smaller than 700 kDa penetrate the inert outer shell and bind to hydrophobic and positively charged octylamine ligands within the core. We hypothesised that the BE-SEC column would be suitable for EV purification from cell culture conditioned medium (CM). Since EVs are larger than 700 kDa, they would be eluted directly in the flow through, while small soluble proteins and impurities less than 700 kDa would enter the core and remain trapped. We show that the BE-SEC method is suitable for purification of EVs, with yields consistently reaching 80% and vesicular purity comparable to the gold standard method in the field. Herein, we propose a novel BE-SEC based purification of EVs which is fast, reliable and scalable.
Results

EV isolation with bind-elute size exclusion columns and characterization. Harvesting EVs with
conventional protocols, such as sequential centrifugation, has raised questions concerning the intactness and the purity of the EVs after purification. Thus, novel methods are required to deplete unwanted molecules and maintain the integrity of the vesicles. Here, we tried to address these issues by using a commercially available chromatography column to isolate EVs. The beads used in the BE-SEC column are designed to trap molecules smaller than 700 kDa and allow larger particles to pass through. Hence, we postulated that the BE-SEC column would capture smaller soluble protein/impurities while allowing EVs to bypass the beads due to their relatively large size.
To test our hypothesis, conditioned medium (CM) from two different mouse cell sources was tested: neuroblastoma N2a, which we used in a previous study 19 and myoblast C2C12 as comparison. Collected CM was subjected to two low speed spins and a 0.22 µm filtration step prior to purification on the BE-SEC column as illustrated in Fig. 1A . The size distribution and concentration of the BE-SEC isolated vesicles were evaluated by NTA (Fig. 1B-E) . Particle size distribution and concentration of isolated vesicles ± SD were similar between six replicates (N2a 1.17 ± 0.33 × 10 10 particles/ml, C2C12 1.32 ± 0.41 × 10 10 particles/ml, Fig. 1D ). Similarly, the particle mode size was constant within the same cell-derived EVs and in line with the expected EV size range (N2a 107 ± 10 nm, C2C12 126 ± 2 nm, Fig. 1E ).
Moreover, the particle recovery rate compared to the input material (CM after the two low speed spins and 0.22 μm filtration), corresponded to 78.7 ± 17.3% for N2a and 73.8 ± 21.4% for C2C12, corroborating the high reproducibility of the procedure. To further characterize the vesicles, immunoblotting was performed and the EV markers Alix, Tsg101 and CD81 were detected on biological replicates (Fig. 1F) . Additionally, transmission electron microscopy (TEM) showed intact cup shaped membrane vesicles with a size corresponding to the NTA results in all samples analysed ( Fig. 1G and Supplementary Fig. 1 ). The purity of the vesicles isolated with the BE-SEC columns was also assessed based on particles/µg of protein (P/µg) according to Webber et al. 27 ( Table 1) .
BE-SEC can be utilised for processing large volumes of media. The ability of the BE-SEC method to purify EVs from larger volumes of CM (50 ml up to 200 ml) was then investigated. To reduce the risk of loading the BE-SEC column with excessive amount of impurities that would exceed its binding ability (13 mg of ovalbumin/ml of medium), the samples were diafiltrated and concentrated using Tangential Flow Filtration (TFF). We have previously shown that 100 kDa spin filters are suitable for concentrating CM 19 and therefore 100 kDa TFF filters were chosen for the concentration and diafiltraton step. After TFF, the concentrated CM was loaded onto a BE-SEC column (TFF/BE-SEC) for further purification. EVs were isolated from sequentially larger amounts of CM and analysed by NTA ( Fig. 2A) , which indicated that the increase in particle numbers was consistent with the increasing media volumes (Fig. 2B) . Immunoblotting was performed to further characterise the vesicles. All EV markers tested, i.e. Alix, Tsg101, CD9 and CD81, were detected (Supplementary Fig. 2A and 2B). TEM (Fig. 2D) showed intact cup-shaped vesicles, morphologically similar to that in Fig. 1G and similar in size to those detected by NTA ( Fig. 2A and 2C ). The TFF systems have a broad range of different filter sizes, hence a larger cut-off filter (300 kDa cut-off hollow-fibre filter unit) was evaluated as well. In theory, the larger cut-off would lead to a greater loss of protein impurities, although with the possible negative side effect of losing vesicles in the process. Indeed, both filter types retained over 95% of the particles and removed 80-90% of the proteins. Thereafter, total proteins were stained (Ponceau S staining) to evaluate the protein content in the samples after TFF and TFF/BE-SEC isolation. As expected more proteins were retained in the 100 kDa cut-off TFF filter compared to the 300 kDa filter and considerably less proteins and impurities were detected in the BE-SEC isolated samples regardless of the size of the TFF filter used (Fig. 2E) . Nevertheless, the EV markers Alix and Tsg101 were equally detected among the samples, whereas Golgi and ER derived contaminants such as GM-130 and calnexin were only detected in the cell lysate and in the TFF-isolated samples ( Fig. 2F and Supplementary Fig. 3 ). Furthermore, the P/µg ratio (Table 2) corroborated the total protein staining (Fig. 2E ) with the 300 kDa filter removing notably more protein impurities compared to the 100 kDa filter. However, the P/µg values after BE-SEC processing were similar and in accordance with the values in Table 1 .
BE-SEC enables the removal of non-vesicular proteins and RNAs. One of the main issues of EV isolation is the discrimination between vesicular and non-vesicular secreted material, which may introduce a bias in downstream analysis. Thus, it was assessed whether the BE-SEC columns could provide such separation. To analyse the vesicular and non-vesicular fraction, media concentrated by TFF and TFF/BE-SEC were subjected to analytical SEC. Unlike BE-SEC, analytical SEC allows sample fractionation by size, without trapping smaller particles 19 . Using this technique, we aimed to verify the efficiency in removing smaller soluble proteins/impurities and RNAs by the prior TFF and BE-SEC steps.
The TFF isolated material, showed 2 distinct peaks; the first peak corresponding to the vesicular peak and the second peak representing the smaller non-vesicular proteins/impurities 19 . In contrast, SEC analysis of TFF/ BE-SEC purified media, revealed the EV peak, whereas the non-vesicular protein peak was not detectable, Figure 1 . Characterization of neuroblastoma (N2a) and myoblast (C2C12) cell culture derived-EVs isolated with the BE-SEC column. (A) Schematic overview of the workflow. Processed CM was concentrated and loaded onto a BE-SEC column using the ÄKTA chromatography system. The first eluting fraction (EVs) was collected and subsequently concentrated and analysed. Contaminants that were trapped by the resin were eluted during the column wash (CIP) performed with 1 M NaOH in 30% isopropanol. (B,C) Representative particle concentrations and average size distributions of EVs derived from mouse N2a and C2C12 cell lines (n = 3). To assess the reproducibility of the method, the particle concentration (D) and the mode size (E) of independent experiments (n = 6) were plotted. (F) Western blotting analysis of BE-SEC purified vesicles derived from N2a and C2C12 (1 × 10 10 particles loaded per well) was performed in duplicate. Full-length blots can be found in Supplementary Fig. 1 regardless of the TFF cut-off filters used ( Fig. 3A and 3C ). Interestingly, when the RNA concentrations were measured, non-vesicular RNA fractions were strongly reduced following BE-SEC purification, but not upon TFF fractionation ( Fig. 3B and 3D ). been shown to be important for the biodistribution 28 and uptake of EVs 29, 30 , hence the surface protein profile of BE-SEC and UC purified vesicles was further investigated. To this end, the MACSPlex Exosome kit was used, which is composed of EV-capturing multiplexed beads coated with 37 different specific antibodies directed against epitopes mostly found in plasma or immune-cells derived vesicles 31 . For the detection by flow cytometry, the bead-bound EVs are counterstained with a mix of fluorophore-labelled antibodies directed against the EV markers CD81, CD9 and CD63 31 . To avoid EV concentration dependent effects in the measurements, wild-type HEK-293T derived EVs isolated by TFF/BE-SEC and UC, were re-diluted to the same particle concentration of the input material and analysed with the MACSPlex kit. The profile of EV surface epitopes was comparable to the CM and among samples regardless of the isolation method utilised (Fig. 4A) . Although the kit was primarily designed for the detection of plasma and immune-cells derived EVs, we were able to detect 7 out of 37 surface markers among which the commonly used EV markers CD9, CD63 and CD81 were detected in high abundance.
Despite the comparability of the EV surface phenotype, molecules loosely associated with the EV surface might get lost during purification, eventually changing the EVs ability to bind to their selected target and affect their subsequent uptake into these cells. Thus, the cell uptake of CD63-eGFP labelled HEK-293T EVs purified either with UC or TFF/BE-SEC was quantified. Particle concentration was quantified by NTA both in light scatter and fluorescent mode (Fig. 4B) . This allowed us to calculate the percentage of eGFP-positive particles in the isolated samples by comparing it to the total number of particles contained in the same sample; the TFF/BE-SEC Table 2 . Particles/µg of proteins in CM, TFF and concentrated TFF/BE-SEC samples. Figure 3 . Depletion of non-vesicular proteins and RNAs. SEC analysis shows that non-vesicular proteins (A-C) and RNAs fraction (B-D) present in the TFF samples, are removed by the BE-SEC column (TFF100 or TFF300: Tangential Flow Filtration using 100 kDa or 300 kDa cut-off filters, TFF100/BE-SEC or TFF300/BE-SEC: Tangential Flow Filtration followed by bind-elute size exclusion chromatography).
samples had 68% eGFP-positive particles reflecting the eGFP percentage measured in the CM (data not shown), whereas the UC samples calculated fraction was 117%. The higher eGFP percentage in the UC samples may be related to the physical changes that the high-speed centrifugation step causes to the vesicles e.g. protein/vesicles aggregation that may bias the particle counts and influence downstream analysis 20, 21 . To increase the specificity of the read-out, two doses of EVs were added to recipient cells based on both light scatter and eGFP NTA results (1 × 10 10 and 5 × 10 9 light scatter particles and eGFP particles) and incubated at 37 °C for 2 h. Internalization of CD63-eGFP EVs to recipient cells was evaluated using flow cytometry by analysing mean fluorescence intensity normalized over the control (∆MFI). EVs were taken up in a dose-dependent manner regardless of the isolation procedure ( Fig. 4C and Supplementary Fig. 4 ) and as previously described [32] [33] [34] , 4 °C incubation blocked the vesicular uptake (data not shown), confirming that EV uptake is an energy dependent process. The higher percentage of eGFP positive particles detected in the UC isolated samples compared to the TFF/BE-SEC, was reflected in a higher fluorescent intensity signals when the total number of particles was taken into account. On the other hand, no significant differences were detected among differently isolated samples once the same amount of eGFP positive particles were applied ( Fig. 4C and  4D) .
In summary, and taking a certain degree of variability into consideration, we could not detect any consistent difference concerning the EVs surface signature or their uptake after isolation with both methods.
Discussion
The purification of EVs is a challenging endeavour due to their small size. Currently, a plethora of different isolation methods has been described but a standardized method is still missing. Ultracentrifugation is the most used purification protocol in the EV field 35 , but it has some limitations such as vesicular disruption, aggregation, limited processivity and operator-dependence 20, 22 . These issues have arisen concerns in the field, doubting the functionality of UC isolated EVs and therefore their effectiveness in a therapeutic context 21, 22, 36 . Here, we describe an EV isolation technique (BE-SEC) previously utilised to purify viruses 37, 38 similar in size to EVs 39 and provide a comprehensive characterization of the isolated vesicles. Based on our data, the BE-SEC approach can purify vesicles with typical EV morphology and size, as judged by TEM and NTA, carrying common EV markers such as Alix, Tsg101 and CD81. The presence of typical EV proteins such as CD9, CD63 and CD81 was further detected using the MACSPlex assay system, corroborating the WB results. Moreover, the BE-SEC purification method provides isolation of non-fused and intact vesicles, in line with previously described SEC methods 19 . Another limiting factor in the field is the large-scale production of EVs for therapeutic approaches 22 , therefore one of our aims was to test if the BE-SEC method was suitable for EV purification of large amounts of conditioned medium. The scalability of the method was investigated by concentrating and diafiltrating different cell culture media volumes with TFF followed by a BE-SEC clean-up step. Moreover, to increase the purity of the isolated vesicles, a comparison of two different TFF filter cut-offs (100 and 300 kDa) was evaluated.
Both filter types retained most of the vesicles regardless of the starting volume, although the 300 kDa hollow fibre was more efficient in clearing the sample of additional proteins prior to the BE-SEC clean-up. Nevertheless, after the BE-SEC isolation step the vesicular purity was relatively similar irrespective of the cut-off used. Since both filters retained nearly all vesicles and even though, under the conditions used in this study the cut-off did not impact the final purity, we propose the 300 kDa TFF hollow fibres as more suitable for EV purification. However, in case EV purification from larger volumes or more protein-rich media such as pre-spun is needed, cut-offs above 300 kDa are recommended. TFF hollow fibres with 750 kDa cut-offs are ideal to clear as much proteins as possible prior the final step, with yields similar to the above-mentioned cut-offs (unpublished data).
Circulating and cell-culture derived miRNAs have recently been shown to be released in the extracellular environment through vesicles 8 , however according to some studies such miRNAs are complexed with RNA binding proteins including Argonaute (AGO) 40, 41 . Evidence of EV mediated therapeutic effects driven by miRNAs is increasing and therefore the necessity of discriminating between vesicular and non-vesicular RNAs.
Hence, we tested whether the BE-SEC isolation method had the capability of capturing vesicular-free RNAs. According to analytical SEC fractionation and WB analysis, extra-vesicular RNA as well as soluble contaminating proteins were undetectable in the BE-SEC isolated EV samples. Finally, possible changes on the surface of the EVs caused by the BE-SEC purification were evaluated since the EV biodistribution and cellular uptake have been shown to be affected by the isolation method 28 and EV surface alterations 29, 30 . However, TFF/BE-SEC isolated HEK-293T EVs showed surface marker profiles identical to the unprocessed starting material, suggesting that the isolation method does not disturb the natural EV surface signature.
Analogously, the uptake assay showed that HEK-293T:CD63-eGFP derived EVs were taken up by recipient cells to a similar extent regardless of the isolation method used. As an evidence of what has been previously described, regarding the vesicles integrity upon UC isolation 18, 20 , we observed that, in the UC samples, the amount of detected eGFP positive particles was higher than the total particles (NTA light scatter) of around 20%. Thus, we hypothesised that such signal could be due to the presence of fluorescent protein aggregates which cannot be distinguish from vesicles by the NTA 42 . In addition, the mode size of UC isolated sample decreased in the eGFP measurement corroborating our hypothesis ( Supplementary Fig. 5 ).
In summary, we show that the BE-SEC columns can purify EVs in a reliable and scalable fashion with yields ranging from 70 to 80% and purity comparable to UC. Moreover, the BE-SEC method enables EV isolation in a time-efficient manner: from collection to analysis, the time ranges from 85 minutes for BE-SEC isolation, to 150 minutes in case of a prior concentration step using TFF.
Conclusively, there is an increased interest in tracking EVs in vivo and in vitro, engineering them with therapeutic cargos and moreover, isolate large-scale vesicles as therapies 22 . Therefore, based on our data, we propose that the BE-SEC method could possibly be used in the future as a clean-up step to remove unwanted proteins from previously concentrated large volumes of media or unbound dyes in the process of labelling EVs or unloaded cargos for therapeutic purposes. Therefore, the BE-SEC could perform at its best as a final clean-up step in the EV purification process.
Material and Methods
Cell culture. Mouse Neuroblastoma (N2a) and myoblast (C2C12) cells were seeded at a density of 4 × 10 6 cells in 15 cm culture dishes in Dulbecco's Modified Eagle's Medium (DMEM) (Invitrogen), supplemented with 10% Fetal Bovine Serum (FBS) for N2a and 20% FBS for C2C12, 20 mM L-Glutamine and 1% penicillin (100 U/ ml) and streptomycin (100 μg/ml) (P/S) and maintained at 37 °C, 5% CO 2 atmosphere. After 24 h (cells reached a confluency of about 70%) the media was changed to OptiMEM reduced serum medium (Invitrogen) supplemented with 1% P/S followed by 48 h incubation before EV isolation. For the EV uptake experiment, HEK-293T cells stably expressing eGFP fused to the C-terminal of human CD63 (HEK-293T:CD63-eGFP, for more details please refer to supplementary information) were seeded at a density of 8 × 10 6 cells in 15 cm cell culture dishes and cultured as stated above. According to the different cell lines characteristics, an adequate number of cells were seeded to reach 70-80% confluence on day 2.
EV isolation using BE-SEC columns. CM was collected and subjected to a low speed spin at 300 × g for 5 minutes, followed by 2000 × g spin for 10 minutes to remove larger particles and cell debris. The supernatant was then filtered with a 0.22 μm syringe filter and subjected to different purification steps. Large volumes were diafiltrated and concentrated to roughly 20 ml using the Vivaflow 50 R tangential flow (TFF) device (Sartorius) with 100 kDa cut-off filters or the KR2i TFF system (SpectrumLabs) with 100 or 300 kDa cut-off hollow fibre filters at a flow rate of 100 ml/min (transmembrane pressure at 3.0 psi and shear rate at 3700 sec −1 ). The pre-concentrated CM was subsequently loaded onto the BE-SEC columns (HiScreen Capto Core 700 column, GE Healthcare Life Sciences), connected to an ÄKTAprime plus or ÄKTA Pure 25 chromatography system (GE Scientific RepoRts | 7: 11561 | DOI:10.1038/s41598-017-10646-x Healthcare Life Sciences). Flow rate settings for column equilibration, sample loading and column cleaning in place (CIP) procedure were chosen according to the manufacturer's instructions. The EV sample was collected according to the 280 nm UV absorbance chromatogram and concentrated using an Amicon Ultra-15 10 kDa molecular weight cut-off spin-filter (Millipore), washed with 30 ml PBS, concentrated to a final volume of 100 μl and stored at −80 °C for further downstream analysis. To assess the protein and RNA elution profiles, CM was concentrated and diafiltrated with KR2i TFF system using 100 kDa and 300 kDa hollow fibre filters and samples analysed on a Tricorn 10/300 Sepharose 4 Fast Flow (S4FF) column (GE Healthcare Life Sciences). Another pool was run through the Capto Core 700 column first and then analysed on the S4FF column. Protein and RNA elution profiles have been graphed with GraphPad Prism v.7.0b software and normalized to express a percentage.
Nanoparticle tracking analysis. Particle size and concentration of the samples were determined via nanoparticle tracking analysis (NTA) 43, 44 using NanoSight NS500 equipped with NTA 2.3 analytical software and a 488 nm laser. Samples were diluted in PBS and analysed. Five 30 second videos were recorded per sample with a camera level of 13-14. Software settings for analysis were kept constant for every measurement (screen gain 10, detection threshold 7). For the detection of fluorescent particles, the command stage settings were changed to have a continuous flow and five 30 second videos were recorded with a camera level of 15-16. Software settings were changed to screen gain 10, detection threshold 4-5 and minimum track length to 5. Every sample was also measured in light scatter mode with a camera level of 13-14 and analysed with the same settings but detection threshold 7. The NTA measurement in flow mode were used to calculate the percentage of eGFP positive particles over the total number of scatter particles in the sample.
Protein and RNA quantification. Protein quantities in samples were measured using the DC protein assay kit (Bio-Rad) according to the manufacturer's instructions. RNA concentration was quantified using the Quant-iT RiboGreen RNA assay kit (Thermo Fisher Scientific) according to the manufacturer's instructions.
Western blotting. Western blotting (WB) was performed using the iBlot ® system (Invitrogen, Life Technologies) according to the manufacturer's instructions. Equal numbers of particles of each sample were mixed with sample buffer (0.5 M ditiothreitol (DTT), 0.4 M sodium carbonate (Na 2 CO 3 ), 8% SDS and 10% glycerol) and heated at 65 °C for 5 min. The mixture was then loaded onto a NuPAGE ® Novex ® 4-12% Bis-Tris Protein Gel and ran at 120 V in NuPAGE ® MES SDS running buffer for 2 h. The proteins on the gel were transferred to an iBlot nitrocellulose membrane (Invitrogen) for 7 min using the iBlot system. Membranes were blocked with Odyssey blocking buffer for 60 min at RT with gentle shaking. After blocking, the membrane was incubated overnight at 4 °C or 1 h at RT with primary antibody solution Electron Microscopy. Purified EVs were added onto glow-discharged formvar-carbon type B coated electron microscopy grids (Ted Pella Inc). The grid was dried with filter paper and stained with 2% uranyl acetate in double distilled H 2 O (Sigma) for 10 seconds. After the stain was completed, the grid was washed with distilled water and blotted dry with filter paper. The grid was air dried and visualized using a transmission electron microscope (Tencai 10).
EV surface protein profiling by flow cytometry. HEK-293T derived EVs were isolated with UC and BE-SEC and diluted to the original particles concentration detected in the CM. EV staining with the MACSPlex Exosome kit, human (Miltenyi Biotec) was performed at 4 °C overnight according to the manufacturer's instructions. The samples were analysed with a Cytoflex S flow cytometer (Beckman Coulter) with at least 10,000 recorded events per sample. Data were analyzed with FlowJo software (version 10.0.7). The mean fluorescence values plotted in the graph were background corrected and normalized on CD63/81/9 mean signal intensity as previously described 31, 45 . Negative values were excluded from the plot.
EV uptake assay using flow cytometry. For comparison, HEK-293T:CD63-eGFP derived EVs were isolated with UC (110,000 × g for 90 minutes followed by PBS wash) and TFF/BE-SEC as previously described. Particle concentration and size were analysed with NTA both in scatter and fluorescence mode. A fixed number of particles were added (1 × 10 10 and 5 × 10 9 particles based on NTA scatter and fluorescence mode) to human hepatocellular carcinoma cells (Huh-7) seeded the day before at a density of 7.5 × 10 4 cells per well in a 24-well plate. Cells were incubated for 2 h at 37 °C, 5% CO 2 atmosphere. After incubation, the cells were washed twice with PBS, collected, spun down at 300 × g for 5 minutes and resuspended in 100 µl of Dulbecco's phosphate buffered saline (Invitrogen), 1 mM EDTA and 2% FBS. Dead cells were excluded from analysis via 4' ,6-diamidino-2-phenylindole (DAPI) staining and doublets were excluded by forward/side scatter area versus height gating. Samples were kept on ice and measured with the Cytoflex S flow cytometer (Beckman Coulter). Data was analysed with the FlowJo software (version 10.0.7). Mean fluorescence intensity was normalized over the control/untreated cell sample (∆MFI). Statistical significance was evaluated with GraphPad Prism (version 7.0b). One unpaired student t-test was performed and a P-value < 0.05 was considered statistically significant.
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